Rapidly evolving pathogens, such as human immunodeficiency and influenza viruses, escape immune defenses provided by most vaccine-induced antibodies. Proposed strategies to elicit broadly neutralizing antibodies require a deeper understanding of antibody affinity maturation and evolution of the immune response to vaccination or infection. In HIV-infected individuals, viruses and B cells evolve together, creating a virus−antibody "arms race." Analysis of samples from an individual designated CH505 has illustrated the interplay between an antibody lineage, CH103, and autologous viruses at various time points. The CH103 antibodies, relatively broad in their neutralization spectrum, interact with the CD4 binding site of gp120, with a contact dominated by CDRH3. We show by analyzing structures of progenitor and intermediate antibodies and by correlating them with measurements of binding to various gp120s that there was a shift in the relative orientation of the light-and heavy-chain variable domains during evolution of the CH103 lineage. We further show that mutations leading to this conformational shift probably occurred in response to insertions in variable loop 5 (V5) of the HIV envelope. The shift displaced the tips of the light chain away from contact with V5, making room for the inserted residues, which had allowed escape from neutralization by the progenitor antibody. These results, which document the selective mechanism underlying this example of a virus−antibody arms race, illustrate the functional significance of affinity maturation by mutation outside the complementarity determining region surface of the antibody molecule.
protein evolution | HIV gp120 | antibody structure | somatic hypermutation A ny candidate HIV vaccine will need to induce an immune response effective for a wide range of potential variants. Approximately 15-25% of chronically infected HIV patients develop such broadly neutralizing antibodies (bnAbs) (1) (2) (3) . These target four distinct epitope regions on the envelope glycoprotein-the V1−V2 loop, the CD4 binding site, a set of residues near the base of the V3 loop on gp120, and the membrane proximal external segment of gp41 (4, 5) .
A protective B-cell immune response requires antibody affinity maturation-selective proliferation of cells with antibody variable domain mutations that enhance antigen affinity (6) (7) (8) . It is possible to study this process by isolating individual B cells from infected or vaccinated donors and cloning the recombined heavy-and light-chain variable regions of the antibodies (9) (10) (11) . Understanding those patterns of antibody affinity maturation that give rise to the development of bnAbs could inform design of immunogens with increased likelihood of maturation along otherwise subdominant pathways (12) .
Data now available from donors followed from the onset of HIV infection until the development of bnAbs clarify some of these issues. Recent findings from an African patient, CH505, who was followed from acute HIV-1 infection through bnAb development, illustrate the interplay, or arms race, between virus evolution and antibody maturation (13) . The structure of a gp120 core, which excludes a number of variable loops and glycosylation sites, has been determined in complex with the antigenbinding fragment (Fab) of a mature, CD4-binding-site broadly neutralizing antibody, CH103, derived from the same individual (13) . Fixation in this lineage of mutations in residues in both partners that lie outside their interface indicate that there may be factors driving affinity maturation that are not evident from the crystal structure.
Analysis of this CH103 antibody lineage ( Fig. 1) indicates that the transmitter founder (T/F) virus binds with high affinity to the progenitor, or unmutated common ancestor (UCA), of the lineage but that virus envelopes (Envs) from later time points do not (13) . Furthermore, the UCA has no detectable affinity for heterologous Envs, whereas the CH103 lineage antibodies show increasing affinity for heterologous Envs as maturation proceeds, and the more mature members of the lineage are more potent neutralizers of heterologous viruses (13) . For example, Env binding and neutralization of a clade B virus (B.63521) both increased substantially as the antibody matured from UCA to a later intermediate, I2 (13) . Thus, we have extensive sequence and biochemical information about the antibody−virus arms race in the CH505 individual.
To investigate the structural correlates of viral escape and of antibody affinity maturation in the CH103 lineage, we determined crystal structures of Fabs derived from the UCA and intermediate antibodies, I3 and I2. The structures show that the relative orientation of the heavy-and light-chain variable domains shifted during affinity maturation, changing the way the Significance An HIV vaccine must induce antibodies [broadly neutralizing antibodies (bnAbs)] that neutralize many viral variants. Determining pathways of antibody affinity maturation that have led to specific bnAbs and tracking coevolution in an infected individual of virus and antibody will define characteristics of immunogens that might elicit broad responses. We have followed, in an infected individual, one round of coevolution of viral envelope with antibodies from a single lineage. Insertions into a loop (V5) in gp120 of autologous viruses allowed escape from neutralization by antibodies in this lineage; antibody affinity maturation shifted the relative orientation of the light-and heavychain variable domains, allowing binding to envelopes with augmented V5. The results illustrate a mechanism of affinity maturation through mutation outside the antigen combining site.
antibodies encountered gp120. The mutations that produced the shift occurred after the appearance of insertions into the gp120 V5 loop in Envs of the autologous virus. Binding measurements show that these insertions block binding by the UCA and that the shift in relative variable-domain orientation restores affinity. The shift depends largely on mutations in the light chain, and the timing of the relevant mutations appears to correlate with development of broad neutralization. Our analysis illustrates the importance of considering mutations outside the antibody− antigen interface when interpreting the contribution of mutations accumulated during antibody affinity maturation.
Results
Structure of CH103 UCA Implies Unfavorable Contacts with the gp120 V5 Loop. The UCA crystallized in space group P2 1 , with four molecules in the asymmetric unit (Table S1 ). The measured data extend only to a minimum Bragg spacing of 3.49 Å, but the fourfold noncrystallographic symmetry allowed us to improve the map by density modification. There was good density for the backbone of residues 2-214 in the heavy chain and residues 2-209 in the light chain, except for heavy-chain residues 97-100B [in heavy-chain complementarity determining region 3 (CDRH3)] and 129-133 in the constant domain.
The published structure of a CH103/gp120 complex is with a heterologous gp120 (ZM176.66). The UCA of the CH103 lineage also binds tightly to gp120 of the T/F virus (13) . Because the heavy chain contacts the conserved CD4 binding loop, we have examined the UCA/gp120 interaction by superposing the UCA variable heavy chain (V H ) on that of CH103. The superposition shows that during affinity maturation, a shift has occurred in the orientation of the light-chain variable domain (V L ) with respect to V H (Fig. 2) . The change appears to be an adaptation to insertions in the gp120 V5 loop during the first year of infection ( Fig. 3 and Fig. S1 ), relieving unfavorable contacts with the UCA light chain. Structures and binding data described below support and amplify this general conclusion.
Structures of Intermediates I3.2, I3.1, and I2. To confirm the significance and determine the approximate timing of the relative reorientation of the V H and V L domains apparent from comparing the UCA and CH103, we determined crystal structures of several intermediates. Intermediate 3 lies at a key node in the lineage, marking the point at which breadth of neutralization began to emerge. The light chain of I3 was not identified, however, so we studied two "synthetic" variants of I3, I3.2 and I3.1, in which we combined V H DJ H of I3 with V L J L of the UCA and of I2, respectively ( Fig. S2A) (14) . We also determined the structure of I2 (Table S1) .
As expected from published binding and neutralization data and from the position of I2 in the lineage, the I2 structure is essentially identical to that of CH103. The latter has a threeresidue deletion in CDRL1 (not present in CH104 and CH106-its closest siblings; see Fig. 1 and Fig. S2A ). Superposition of I2 onto CH103 in the gp120 complex shows that the additional three residues can be accommodated without overlapping the V5 loop as configured in ZM176.66 (Fig. 4A) .
Comparison of the I3.1 and I3.2 structures with each other and with those of I2 and the UCA of the lineage shows that the identity of the light chain is the principal determinant of the relative orientation of the two variable domains. When the V H structures are spatially aligned, V L of I3.1 superposes well on those of I2 and CH103 (Cα r.m.s.d. for framework regions of 0.54 Å and 0.73 Å, respectively), and V L of I3.2 superposes well on that of the UCA (framework Cα rmsd, 0.41 Å) (Fig. 4 A and B and Table S2 ); the Cα framework rmsd for the UCA or I3.2 with respect to I3.1, I2, or CH103 is generally greater than 0.9 Å, even though the individual V H and V L domains superpose with a significantly smaller rmsd (Tables S2 and S3 ). The UCA and I3.2 Fabs crystallized in different space groups, each with more than one molecule in the asymmetric unit, thus eliminating the possibility that crystal packing had influenced the relative V H −V L orientation in these antibodies and its divergence from the relative V H −V L orientation common to I3.1, I2, and CH103.
The conformations of CDRH3 in the free Fabs also correlate with the light-chain identity ( Fig. 4C and Fig. S3 ). The CDRH3 conformation in the UCA is not compatible with gp120 binding (at least as in the CH103/gp120 complex). The high thermal parameters for residues in the CDRH3 loop (indeed, density for two of the four copies in the asymmetric unit of the UCA was too weak to fit) suggest, however, that the loop is adaptable and that other favorable interactions (e.g., those of the viral Envs that presumably drove affinity maturation) could compensate for the free energy cost of CDRH3 reorganization upon binding to CH505 gp120. We return to this point in Larger V5 Loops Interfere with Antibody Binding. The conformation of the CDRH3 loop in the more mature intermediates I3.1 and I2 and the mature antibody CH103 is clearly related to the light chain mutation, Tyr32 L Asn, introduced between the UCA and intermediate I2. In the UCA, the tyrosine side chain contacts CDRH3 and displaces it from the configuration it assumes in I3.1, I2, and CH103 (Fig. S3) . The side chain of the asparagine that substitutes for it appears to stabilize the mature CDRH3 conformation through a hydrogen bond network that includes the heavy-chain side chain of Asn100B H , conserved in all members of the lineage, the side chain of Glu50 L in mature members of the CH103 lineage, and ultimately residues in the D and V5 loops of gp120 (Fig. S3) . The Tyr32 L Asn mutation thus cooperates with changes at the V H −V L interface in adapting the antibody to longer V5 loops in gp120.
Mutations at the V H −V L Interface. Several changes in amino acid residues at the V H −V L interface correlate with the repositioning of the two domains with respect to each other. One relatively extended set of changes and rearrangements centers on lightchain residue 46, which has mutated from leucine in the UCA to valine in I2 and CH103. In the UCA structure, the leucine side chain bears on the ring of Tyr100D, which makes a hydrophobic bridge between Pro96 H and Tyr49 L at the domain interface. Mutation of residue 46 L to valine releases the contact, leading to a concerted rearrangement that correlates not only with the overall reorientation of the light chain but also with a reconfiguration of CDRH3 (Fig. 5) .
Distal to the gp120 interface, residues 38L and 39H face each other across the interdomain contact. In the UCA, both are glutamine; they engage in reciprocal side-chain hydrogen bonding between NE of one and OE of the other. In I2 (and CH103), residues 39 H and 38 L are leucine and valine, respectively. The heavy-chain mutation, Gln39 H Leu, occurred between I3 and I2; the timing of the light-chain mutation is uncertain, but either Val or Gln could fit. The transition from a hydrogen-bond network to a more closely packed hydrophobic contact appears to contribute to the relative orientational adjustment of the two apposed domains (Fig. 5) .
Larger V5 Loops Interfere with Antibody Binding. To test whether V5 loop insertions in the autologous viruses correlate with the change in relative orientation of the light and heavy chains in the CH103 antibodies, we mutated the V5 loop of a heterologous gp120 core protein (from HIV-1 clade A strain 92ug037.8) to that of the CH505 T/F virus and measured binding of Fabs from the CH103 lineage by biolayer interferometry (Fig. S2B) . This substitution resulted in a V5 loop two residues shorter than its counterparts in wild-type 92ug037.8 and ZM176.66, the gp120 used for crystallization with CH103 (Fig. S2B) .
The gp120 core with a shorter V5 loop bound with higher affinity to the UCA and I3.2 than did the wild-type core (for which those Fabs showed essentially no detectable binding), but the loop substitution did not affect binding to either I3.1 or I2 (Table 1 and Fig. S4 ). This result is consistent with our crystal structures and with our inference that the antibodies have evolved in response to insertions in the V5 loops of autologous viruses, allowing the more mature antibodies to tolerate larger V5 loops without steric interference.
When we deleted two residues (Asn-Ile; see green highlighted segment in Fig. S2B ) from the V5 loop of 92ug037.8 gp120, to give a V5 loop of the same length and charge as in the CH505 T/F virus, we did not detect enhanced affinity for the UCA or I3.2. Thus, even some shorter V5 loops fail to allow tight binding, presumably because of their conformational properties or their interaction with the D loop.
I3.2, which combines the heavy chain of I3 with the UCA light chain, bound 92ug037.8 gp120 bearing the T/F loop substantially more strongly than did the UCA, with K d equivalent to I3.1 and I2. The CDRH3 conformation in I3.2, unlike the conformation in the UCA, is essentially the same as in the more mature forms, but displaced about 2 Å away from the light chain. A comparison of structures suggests that the heavy-chain mutations in CDRH1 might account for stabilizing this binding-competent conformation of CDRH3.
Reconstructing a
Step in the HIV−Antibody Arms Race. The T/F V5 swapped into 92ug037.8 gp120 imparts reasonable affinity for the UCA, but not at a level equivalent to the affinity of either wildtype or loop-swapped 92ug037.8 gp120 for more mature antibodies in the CH103 lineage. To study binding in the context of the autologous gp120, we expressed the T/F CH505 gp120 core and introduced observed mutations into the V5 and D loops. These loops form a continuous patch on the surface of gp120; CH103 contacts both, and some interactions bridge the two. The mutations we made in both D and V5 loops mimic those that occurred in the autologous virus in the interval between the T/F and week 78 (Fig. 3 and Fig. S1 ). For the V5 loop, we focused on insertions of DT, ETF, and EGKNN, respectively, because they spanned time points before and after expanding heterologous neutralization (13) .
The binding data, determined by biolayer interferometry, are summarized in Table 2 and shown schematically in Fig. 3 . The V5 insertions alone decreased affinity for each of the Fabs tested; the decrease was greatest for the UCA, which was affected even when just two residues, DT, were added to V5. The three-and five-amino acid insertions in V5 had stronger effects: we detected no binding for the UCA and marginal binding (K d > 100 μM) for I3.2. The two-and three-residue insertions, DT and ETF, had little influence on the binding of I2 (and presumably CH103), but the five-residue EGKNN insertion did reduce I2 binding substantially. D-loop mutations that occurred between weeks 30 and 53, driven by escape from other antibodies (15), increased affinity for the CH103 intermediates and UCA. None of the mutations we examined affected binding of the broadly neutralizing antibody VRC01, which approaches the CD4 binding site of gp120 from a different direction than the CH103 antibodies (16) ( Table 2) .
Sampling from subject CH505 was more frequent for viruses than for B-cells. Although the timing of antibody mutations is therefore uncertain, we can still compare the timing of changes in the V5 and D loops (Fig. 3 and Fig. S1 ) with the binding data in Table 2 . Viral Envs were sampled at 30 wk, 53 wk, 78 wk, and 100 wk (also earlier and later time points not relevant here). The DT insertion in V5 was prevalent by week 30; the ETF insertion "took over" by week 53; longer insertions were prevalent around week 78. The D-loop mutations appeared to be relatively well fixed by week 53, without much further change until after week 100. Thus, around week 30, the prevalent gp120 sequences had a two-residue insertion in V5, and a single mutation in loop D. By week 53, double mutations had appeared in loop D, together with a three-residue insertion in V5. Of the three antibodies we examined (Table 2) , only I2 would have retained binding after week 53. We cannot date I2 precisely, as the antibody mutation rate is unlikely to be linear with time, but a time between weeks 78 and 100 is likely. These temporal correlations are consistent with the qualitative conclusions described above. Insertions in the V5 loop led to escape from neutralization by the UCA of this lineage; exposure to the modified gp120 then drove affinity maturation that included adjusting the V H −V L interface to avoid overlap of light-chain CDRs and framework 3 region (FR3) with V5.
Superposition of the various structures, using the V H domains as reference, provides plausible molecular explanations for data in Table 2 . The overlays suggest unfavorable contacts of the DE loop (residues 65 L −67 L ) of the UCA and the gp120 V5 loop (Fig. S5) , assuming the latter to have a conformation similar to that of ZM176.66 (two residues longer than that of the T/F and hence of the same length as V5 with the DT insertion). Residues at the tips of CDRL1 and CDRL2, Tyr32 L and Asp51 L , would also have unfavorable contacts that a shorter V5 might relax (Fig. S3) .
The D-loop mutations partially compensate, in some of the combinations in Table 2 , for reduced affinity caused by V5 insertions. Each of the D-loop mutants we tested enhanced affinity of the UCA for CH505 gp120 with a DT insertion in V5. Model building suggests a possible salt bridge between D-loop Asp279 and UCA light-chain Lys53 in FR3 and reduced steric clash from the D-loop V281A/G mutation. For I2, the D-loop mutations improved affinity for gp120 with three-and five-residue V5 loop insertions, which occurred only after fixation of the D-loop double mutation. In our study, the D-loop mutations alone did not enhance affinity of gp120 core for any of the CH103 lineage antibodies. Thus, the timing probably resolves any apparent paradox that escape from neutralization by whatever antibody lineage drove the D-loop changes would have enhanced affinity for antibodies in the CH103 lineage.
Discussion
The most striking conclusion from our analysis is that a critical feature of affinity maturation in the CH103 lineage is a small but significant shift in the relative orientations of the V H and V L domains. We do not know of any similar cases with naturally occurring antibodies described in the literature to date. Other reported pathways leading to bnAbs involve direct or indirect modification of the CDRH3 loop. In antibodies directed against the V1V2 loop region of the HIV Env, for example, the size and charge of the CDRH3 loop have changed (17) . In a lineage of antibodies directed against the influenza virus hemagglutinin receptor site, the CDRH3 loop rigidifies during affinity maturation although its amino acid sequence does not change and the relevant mutations lie outside the antibody−antigen interface (18) . A recent study of in vitro antibody evolution has shown that V H −V L interface residues are usually conserved to maintain interaction with a given antigen (19, 20) . The domain interface therefore should be considered a locus for affinity maturation because sequence changes there can produce differences in packing that alter the geometry of the CDR surface.
The somatically mutated residues at the domain interface that correlate with the observed orientation shift (Fig. 5) are at positions conventionally designated as "framework." Somatic mutations appear more often in CDRs than in framework residues (21, 22) , consistent with the reasonable assumption that framework changes are more likely than CDR changes to destabilize the entire variable-region structure. The abnormal extent of somatic mutation in many HIV bnAbs has prompted the inference that framework-region mutations might be necessary to generate breadth (23) . Restructuring the variable module in response to a viral escape mutation, by mutation at the domain interface or in any other determinant of overall conformation, is a mechanism for overcoming broad classes of escape mutation Biolayer interferometry data, analyzed as described in SI Methods. V5 loop residues "GNINES" of wild-type 92ug037.8 gp120 core were replaced with "KNNT" of CH505 T/F virus Env. Averages and SEs are for three runs with different gp120 concentrations. (V5 insertions of varying length, sequence, and possibly conformation in the present example), whereas point mutations in the CDRs are more likely to enhance affinity for a specific target configuration or to respond by reciprocal mutation to a defined amino acid substitution in the antigen. The former mechanismalteration of long-range structure-is more likely to enable rapid development of breadth than the more prevalent mutation of local amino acid residue identity, because many point mutations in the CDRs may be needed to achieve the same effect.
The selective advantage of the V H −V L shift in CH103 would have been to restore affinity for the envelope of viruses that had acquired insertion mutations in the gp120 V5 loop, allowing them to escape neutralization by the progenitor antibody of the lineage (the UCA). That is, we attribute the rearrangement of chains in the variable module as closure of one cycle in the virus− antibody arms race. We can assign to the light chain the principal mutations that produced the change, because the two synthetic intermediates, I3.2 and I3.1, which share a heavy chain, have configurations similar to those of the UCA and the mature antibodies, respectively. The V H −V L configuration in the more mature antibodies can accommodate some longer V5 loops, not only in the CH505 virus but also in others such as ZM176.66 and 92ug037.8, both of which have loops two residues longer than does the CH505 T/F. Thus, the domain shift might account both for neutralization of autologous viruses by I2 and for the increased heterologous neutralization breadth that distinguishes I2 from I3. There appears to have been no further change in the relative orientations of V H and V L beyond I2, presumably because the even longer V5 loops from weeks 100 and later did not interfere with antibody binding. The relative orientation of V H and V L in I3.1, I2, and CH103 lies outside the range found in other variable modules from human Fabs. A comparison with a set of 10 diverse human Fabs, having naturally paired heavy and light chains and directed against HIV Env or influenza hemagglutinin (16, 18, (24) (25) (26) (27) (28) (29) (30) , shows that most resemble the UCA and I3.2 (Fig. S6 ). An exception is VRC01, whose light-chain variable domain appears to shift away from the heavy chain even more than in I2 (Fig. S6) . The V L of CH31, a VRC01-class antibody, also shifts away from the "average" orientation, but not to the same extent as VRC01. The VRC01-class antibodies interact with the V5 and D loops of gp120, although with contacts quite different from those made by CH103. To accommodate diversity in this region of the virus envelope, VRC01-class antibodies have CDRL1 loops that, by deletion or reconfiguration during affinity maturation, avoid a clash with gp120 (29) . A significantly shortened CDRL3 loop may contribute to the reconfiguration of the CDRL1 loop in the case of VRC01 (16, 31) . In the CH103 lineage antibodies, the CDRL1 loop does not vary greatly in length or conformation (except for CH103 itself, which, unlike CH104 and CH106 with comparable affinities for gp120, has a three-residue deletion in CDRL1). Thus, the orientational shift of V L appears to have been the principal response to an augmented V5 loop during the first 20-30 wk of infection.
The CDRH3 loop, encoded principally by the D and J segments with somatic diversity at the V-D and D-J junctions, is the most variable of the CDRs (32) . Within this lineage, however, both its sequence and length are conserved. Its tip appears to be quite flexible, even disordered, in the UCA, but less so in I3.2, in which the local configuration of the entire CDR is essentially the same as in the mature antibody, except for a shift of about 2 Å relative to the rest of the domain. Despite this shift, the heavy chain could associate with the CD4 binding loop of gp120 essentially as in the published complex, conserving contacts with all three CDRs, including the critical salt bridge between Arg97 H of the antibody and Asp368 of gp120, thereby explaining the I3.2 affinities in Table 2 . We note, however, that an intermediate Biolayer interferometry data, analyzed as described in SI Methods. Averages and SEs are for three runs with different gp120 concentrations. K d values derived by a global fit of all data for each experiment. For full kinetic data, see Table S4 . NB, no binding detected. Orange highlight, K d > 100 μM; yellow, 100 μM > K d > 10 μM. such as I3.2 would never have been made if (as seems likely) the Tyr32 L Asn mutation, already present in I2, had been introduced into the light chain by the time the I3 heavy chain appeared.
Mutations in regions of the CH505 envelope other than the V5 and D loops might in principle have influenced binding of antibodies in the CH103 lineage. Insertions in the V1 loop and accompanying variations in potential glycosylation sites occurred at relatively early time points after infection. A superposition of the CH103/gp120 complex (or of the corresponding model with any of the intermediates described here) on the structure of the SOSIP gp140 trimer, determined by cryoEM and X-ray crystallography (33) (34) (35) , indicates that outside the V5/D loop region, amino acid residues that mutated during the first 96 wk of infection do not contact the CH103 antibody. Moreover, parts of the V1 and V3 loops that might contact the antibody have no mutations during this time period.
Recent proposals for vaccine development focus on designing immunogens with high affinity for the unmutated ancestor of a particular broadly neutralizing antibody (12) . The UCA of the CH103 lineage binds tightly to the T/F virus, suggesting that a suitably modified CH505 T/F gp120 core might itself be such an immunogen. If so, it would be interesting to examine the effect of boosting with a variant with insertions in the V5 loop.
Methods
All proteins were expressed in 293T or 293F cells, and purified on Ni-NTA resin (Qiagen) followed by size exclusion chromatography. VRC01 IgG was tagless and therefore purified using protein A agarose resin (Pierce), cleaved, and further purified by gel filtration. Fabs were crystallized by hanging drop vapor diffusion and structures determined by molecular replacement with CH103 from the CH103/gp120 outer domain complex structure (PDB ID 4JAN) as the starting model. All graphical representations with protein crystal structures were made in PyMol. Binding measurements by biolayer interferometry were performed according to manufacturer's protocols using the Octet QK e (ForteBio) and anti-Human Fab-CH1 biosensors. More detailed experimental procedures are provided in SI Methods. Coordinates and diffraction data have been deposited in the PDB (PDB ID codes: 4QHK, 4QHL, 4QHM, and 4QHN for UCA, I3.2, I3.1, and I2, respectively).
